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We report detailed studies of the ac susceptibility butterfly hysteresis on the Ru1222
ruthenocuprate compounds. Two separate contributions to these hysteresis have been identified
and studied. One contribution is ferromagnetic-like and is characterized by the coercive field max-
imum. Another contribution, represented by the so called inverted maximum, is related to the
unusual inverted loops, unique feature of Ru1222 butterfly hysteresis. The different nature of the
two identified magnetic contributions is proved by the different temperature dependences involved.
By lowering the temperature the inverted peak gradually disappears while the coercive field slowly
raises. If the maximum dc field for the hysteresis is increased, the size of the inverted part of
the butterfly hysteresis monotonously grows while the position of the peak saturates. In reaching
saturation exponential field dependence has been demonstrated to take place. At T = 78 K the
saturation field is 42 Oe.
PACS numbers:
INTRODUCTION
The interplay between superconducting and
magnetic order in ruthenocuprates raised consid-
erable interest for these materials. They exist
in three modifications, RuSr2RECu2O8 (Ru1212),
RuSr2RE2−xCexCu2O10 (Ru1222) and, recently syn-
thesized [1], RuSr2RECe2Cu2O12 (Ru1232) (RE = Gd,
Eu for Ru1212 and Ru1222; RE = Y, Dy for Ru1232).
Neutron scattering measurements on Ru1212 [2] have
revealed the existence of the antiferromagnetic order in
Ru-sublattice below 130 K, although ferromagnetic-like
features have been observed in magnetization measure-
ments [3]. Measurements of microwave absorption [4],
ac susceptibility [5], NMR [6] have shown an evidence
of the spontaneous vortex phase as an explanation for
the coexistence of the superconductivity and magnetism
below SC transition around 30 K. On the other hand,
Xue et al. [7] have suggested the nanoscale separation
between ferromagnetic and antiferromagnetic islands.
As for the Ru1222 composition, the magnetic struc-
ture is still unknown. ESR measurements [9] have dis-
played a ferromagnetic resonance below TM1 = 180 K
with an enhancement in magnetism around TM2 = 100
K. Xue et al. [8] have found evidence of the clusters above
the main peak at TM2 (around 100 K, depends on the
Eu/Ce ratio). Detailed magnetization and Mo¨ssbauer
study [10] have shown two component magnetism which
has been also supported with the muon spin rotation re-
sults [11]. Spin-glass-like behavior, as suggested by Car-
doso et al. [12], occurs at TM2. Various dynamical fea-
tures have been reported by us [13], including pronounced
time relaxation of ac susceptibility and the inverted but-
terfly hysteresis loops in ac susceptibility.
In this paper we present further investigation of the
unusual behavior of the Ru1222 material. We have con-
centrated on the peculiarities of the butterfly hysteresis
and have found supporting evidence in favor of the above
mentioned two component magnetism picture.
EXPERIMENTAL DETAILS
Samples used in this study are the same as the ones
used in our previous article [13]. Ac susceptibility mea-
surements were taken by the use of commercial Cry-
oBIND system with the frequency of the alternating field
equal to 431 Hz and the field amplitude of 0.1 Oe. The
stabilization of the temperature for the hysteresis mea-
surement was better than 10 mK.
EXPERIMENTAL RESULTS
When a standard ferromagnet, characterized with the
domain structure, is swept in a dc field up and down,
its magnetization M shows a well-known M–H hystere-
sis. The characteristic elements of the M–H hysteresis
loop are the coercive field and the remanent magnetiza-
tion. Another type of hysteretic behavior of a ferromag-
net can be studied in the mutual inductance arrangement
of ac susceptibility technique, imposing an ac field super-
imposed over the sweeping and cycling dc field. In the
latter case one measures a butterfly hysteresis [14]. In in-
creasing dc field it is characterized by a monotonously de-
creasing virgin curve, followed by the repetitive branches
of further reduced susceptibility values. The repetitive
branches are characterized by the characteristic maxima
which are related to the coercive field. The values of
the coercive field, as obtained from M–H and butterfly
hysteresis are not necessarily the same due to the inher-
ent difference between dc and ac techniques. In Fig. 1
butterfly hysteresis is shown for SrRuO3, an itinerant
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FIG. 1: Butterfly hysteresis for itinerant ferromagnet
SrRuO3. (• ) - virgin branch; ( ) - descending field branch;
(△ ) - ascending field branch.
ferromagnet.
At variance with a standard butterfly hysteresis, the
one discovered to characterize Ru1222 material [13]
shows very different behavior when subjected to the
sweeping dc field. In Fig. 2a we present the butterfly
hysteresis for the Ru1222EuCe (x = 1.0) material. The
virgin branch has a maximum (denoted with HSF ), fol-
lowed by the descending field branch which has system-
atically higher susceptibility than the virgin branch. In-
stead of one there are two maxima types, at HI before
and HM after HDC = 0. In the ascending field branch,
HI maximum appears again, followed by the HM maxi-
mum for HDC > 0. Such an unusual magnetism hasn’t
been reported so far and it reveals that the Ru1222 ma-
terial is a rather unique magnetic system, very different
from an ordinary ferromagnet. Fig. 2b displays the M–H
curve measured with a vibrating sample magnetometer
(see also [10]). Apart from a somewhat unusual virgin
curve (overlapping with the right-hand side hysteresis
branch), the M–H hysteresis appears quite regular and
standard, implying that the unusual butterfly-hysteresis
features rely on magneto-dynamics of the Ru1222 com-
pound.
Temperature dependence of ac susceptibility of the
Ru1222 materials is shown in Fig. 3. For x = 1.0 the
main peak (TM2) is at 120 K, while for x = 0.7 it is at 90
K. The x = 0.7 sample is superconducting below 30 K.
The anomaly at 130 K can also be seen, especially for the
x = 1.0 sample. It has been shown by Felner et al. [10]
that this anomaly has a different magnetic origin than the
main peak at TM2. Also, µSR experiments [11] revealed
no bulk character of the latter anomaly. For the x =
1.0 composition the main peak at TM2 and the anomaly
at 130 K are very close and overlapping, so we will use
the x = 0.7 material to exclude the possibility that the
butterfly hysteresis are connected to this anomaly.
A qualitative change in the behavior of the butterfly
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FIG. 2: (a) Butterfly hysteresis for a ruthenocuprate
Ru1222EuCe (x = 1.0) material. (• ) - virgin branch; (
) - descending field branch; (△ ) - ascending field branch. (b)
Normal hysteresis obtained with a vibrating sample magne-
tometer taken at the same temperature and the same maxi-
mum dc field as in (a).
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FIG. 3: Temperature dependence of ac susceptibility, for the
two members of the Ru1222 family. Arrows indicate the tem-
peratures where the butterfly hysteresis sets in. Inset shows
an enlarged window for the x = 0.7 sample around anomaly
at 130 K.
hysteresis can be seen in Fig. 4. Three characteristic
temperatures have been chosen in order to illustrate the
range of peculiar behaviors of butterfly hysteresis cov-
ered by varying the temperature. All the curves have
been scaled by the value χ(HvirginDC = 0 Oe). The most
3important feature to notice is the disappearance of the
inverted part, characterized by the maximum at HI in
Fig. 2. For temperatures above 30 K the butterfly hys-
teresis is inverted but below it starts to accommodate
the single-peak shape associated with the ferromagnets
(Fig. 1), except for the virgin branch. The HSF maxi-
mum in the virgin curve has been linked with the possi-
ble spin-flop mechanism [5] where the initial AFM state
changes into a FM state under the influence of the exter-
nal dc field.
The exact temperature where the HSF peak and the
butterfly hysteresis set in is indicated with the arrows
in the Fig 3. For the x = 1.0 composition there is just
a small difference in the temperature between the main
peak at TM2 and the anomaly at 130 K and one cannot
be sure with which peak to associate this event. For that
reason we have measured the x = 0.7 material for which
the main peak is at 90 K and it clearly indicates that
the observed dynamics is not connected with the small
anomaly around 130 K but rather with the main peak at
TM2 which, in turn, depends on the Eu/Ce ratio.
In addition to the temperature dependence of the but-
terfly hysteresis for the Ru1222 material, we have investi-
gated the influence of the maximum dc field one reaches
in cycling the dc field. Fig. 5 shows how the inverted
peak (HI) emerges for small dc fields (above 25 Oe) and
eventually completely overwhelms the underlying ferro-
magnetic behavior for larger dc fields where it tends to
saturate (here larger denotes a few hundred Oe). After
the careful analysis has been done and the ferromagnetic
background has been subtracted, one gets the depen-
dence of the inverted peak HI vs. maximum dc field im-
posed on the system HMAX , shown in the inset of Fig. 5.
The line represents a fit to the formula:
HI = H
∞
(
1− e
−
HMAX
HC
)
with the parameters H∞ = 42(1) Oe and HC = 72(4) Oe
(correlation coefficient: r = 0.987). At the same time,
there is no observable shift in the HM peak, as is ex-
pected for a coercive maximum. One should note that
there is no sign of the HI peak in the descending field
branch (squares) for HDC < 0 nor in the ascending field
branch (triangles) for HDC > 0. Also, it seems that the
HSF peak is linked only to the virgin curve resembling
the S-shaped VSM virgin curve (see Fig. 1b) and has no
influence on the behavior of the inverted part.
DISCUSSION
As has been recently proposed [8, 10, 11], Ru1222 ma-
terials consist of two phases, the minority one that orders
around 180 K and the majority one that orders around
100 K (depending on the Eu/Ce ratio). Exact nature of
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FIG. 4: Butterfly hysteresis for Ru1222EuCe (x = 1.0) at dif-
ferent temperatures. Inset to top panel: The shape of the hys-
teresis for Ru1222Eu1.3Ce0.7 (x = 0.7) at 95 K, just above the
temperature at which the inverted peak emerges. This fea-
tureless curve resembles the shape of the butterfly hysteresis
characterizing Ru1212 material below its magnetic ordering
transition [5]. At 78 K (bottom panel) the inverted peak is
well-defined and dominates in the hysteretic behavior. (• ) -
virgin branch; ( ) - descending field branch; (△ ) - ascending
field branch.
both orderings is still unclear. Although ferromagnetic-
like features have been observed, detailed investigation
of butterfly hysteresis in Ru1222 reveals a more com-
plex magnetism characterizing this material. Tempera-
ture dependence of the inverted part (Fig. 4) shows that
it emerges at the main peak TM2 where the majority
phase orders, progressively freezing out as the temper-
ature is lowered. We have investigated samples with x
from 0.5 to 1.0 and they all show the same behavior,
suggesting similar magnetic ordering to take place in all
compositions. The HM peak, which marks the coercive
field, gradually increases as the temperature is decreased
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FIG. 5: Emergence of the inverted part of the butterfly hys-
teresis for Ru1222EuCe (x = 1.0) sample at T = 78 K as the
maximum dc filed is increased. Note how the inverted part
stretches above the ferromagnetic background and hides HM
for HMAX = 350 Oe. Inset: the maximum of the inverted
peak HI vs. the maximum dc field HMAX . The line is the fit
to the exponential saturation (see text). (• ) - virgin branch;
( ) - descending field branch; (△ ) - ascending field branch.
and reaches the value of 100 Oe for 4.2 K. It can be com-
pared with the values of 250 Oe obtained in [10] for much
larger maximum fields (50 kOe). From the Figs. 4 and 5
it is obvious that HM is not affected by the presence of
the inverted peak, suggesting two separate contributions
to the ac susceptibility.
Presently, we are unable to provide a full interpreta-
tion of the exponential dependence shown in the inset of
the Fig. 5. We note however that it indicates the pres-
ence of some fundamental interaction which is susceptible
to small magnetic fields. Also, a remarkable fact is that
no feature can be seen in the magnetization measure-
ments (either VSM or SQUID) that would correspond to
the inverted part of the butterfly hysteresis. We suggest
that the inverted behavior might reflect the interaction of
the two magnetic phases, namely the ferromagnetic clus-
ters and the background matrix, ordering at TM1 and at
TM2, respectively. As suggested by Cardoso et al. [12]
the phenomenology of spin glasses could be relevant for
Ru1222 as well. Indeed, we have observed the frequency
dependence of the main peak at TM2(not shown). The
magnitude of the shift follows the spin-glass-like behav-
ior [15] but the magnitude of the ac susceptibility signal
is orders of magnitude larger than for the usual spin-glass
material. We speculate that the ferromagnetic clusters,
randomly distributed and oriented in matrix, could im-
pose a frustration on the surrounding matrix, giving rise
to the spin-glass behavior and the observed frequency
dependence.
CONCLUSION
We have measured the butterfly hysteresis for the
Ru1222 material and have found that it consists of two
components. The first one comes from the already ob-
served ferromagnetic-like behavior of the compound and
is represented by the coercive field peak. The second
component is responsible for the onset of the inverted
peak in butterfly hysteresis, formed after the dc field
reaches its maximum value and starts reducing. The
inverted part disappears as the temperature is lowered
while the coercive maximum just shifts to larger val-
ues. Exponential dependence of the inverted peak vs.
maximum dc field has been observed but it’s microscopic
background is not well understood as yet. Interaction
between ferromagnetic clusters and the ordered matrix
embedding the clusters has been proposed to account for
the observed behavior.
ACKNOWLEDGMENTS
We thank prof. I. Felner for providing us with samples
and giving valuable comments.
[1] V.P.S. Awana et al., J. Appl. Phys. 97 (2005) 10B111
[2] J.W. Lynn et al., Phys. Rev. B 61 (2000) R14964
5[3] G.W.M. Williams and S. Kra¨mer, Phys. Rev. B 61 (2000)
6401
[4] M. Pozˇek et al, Phys. Rev. B 61 (2000) R14964
[5] I. Zˇivkovic´ et al., EuroPhys. Lett 60 (2002) 917
[6] H. Sakai et al., Phys. Rev. B 67 (2003) 184409
[7] Y.Y. Xue et al., Phys. Rev. B 67 (2003) 224511
[8] Y.Y. Xue et al., Phys. Rev. B 67 (2003) 184507
[9] K. Yoshida, H. Kojima, H. Shimizu, J. Phys. Soc. Jpn.
72 (2003) 3254
[10] I. Felner et al., Phys.Rev. B 70 (2004) 094504; I. Felner,
E. Galstyan, I. Nowik, Phys. Rev. B 71, (2005) 064510
[11] A. Shengelaya et al., Phys. Rev. B 69 (2004) 024517
[12] C.A. Cardoso et al., Phys. Rev. B 67 (2003) 020407(R)
[13] I. Zˇivkovic´ et al., Phys. Rev. B 65 (2002) 144420
[14] F.H. Salas and D. Weller, JMMM 128, 209 (1993), and
references therein.
[15] J.A. Mydosh, Spin Glasses: An Experimental Introduc-
tion, Taylor & Francis, London, 1993
